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ABSTRACT: Neoproterozoic carbonate successions provide a new taphonomic window into the diversification of eukaryotes.
We report recently discovered macroscopic organic warty sheets (MOWS) in macerates of limestone from the ca. 662–635 Ma
Taishir Formation (Tsagaan Olom Group, Mongolia). Sheets are applanate. One surface contains raised ridges and
conspicuous, , 100-mm-tall warty protuberances with depressed tops that enclose internal cavities containing cellular
structures. The Taishir MOWS may be the remains of unusual bacterial, protistan, or fungal biofilms, or a previously
undocumented, extinct taxon. However, multiple lines of evidence including the morphology of warty protuberances and the
presence of cellular architecture within protuberances support the interpretation of MOWS as marine algae, perhaps a member
of the Rhodophyta. Regardless of their specific taxonomic affiliation, MOWS increase the diversity of biota reported from the
Cryogenian glacial interlude and indicate the presence of macroscopic and morphologically complex multicellular organisms in
the Cryogenian.
INTRODUCTION
Assemblages of microscopic prokaryotic and eukaryotic organisms
dominate the Neoproterozoic fossil record before the late Ediacaran (e.g.,
Vidal and Ford 1985; Knoll et al. 2006). Although fossil diversity
increases through the Neoproterozoic Era, the Cryogenian nonglacial
interlude between the Sturtian and Marinoan Snowball Earth events has
been generally viewed as depauperate (Knoll et al. 2006) and devoid of
both microscopic and macroscopic fossils. Rare exceptions to this may be
the macroscopic fossils of putative sponges from Australia (Maloof et al.
2010) and enigmatic disk-shaped impressions from Canada (Hofmann et
al. 1990). Recent work, however, has shown that carbonates from the
Cryogenian nonglacial interlude host a diversity of eukaryotic fossils,
including agglutinated fossils similar to modern foraminifera and lobose
testate amoebae as well as organic-walled tests similar to some modern
ciliates (Bosak et al. 2011a, 2011b, 2011c; Dalton et al. 2013). These
assemblages differ from earlier and later Neoproterozoic assemblages
documented in shale and chert units. Here, we add macroscopic organic
warty sheets (MOWS), tentatively interpreted as marine algae, to this
record of carbonate-hosted fossils. MOWS expand the diversity of
eukaryotic fossils between the Sturtian and the Marinoan low-latitude
glaciation events and improve the record of ecological, biogeochemical,
and environmental transitions during the Cryogenian.
GEOLOGICAL SETTING
Fossils were recovered from the Cryogenian Taishir Formation of the
Tsagaan Olom Group on the Zavkhan Terrane of Mongolia (Fig. 1;
Macdonald et al. 2009; Macdonald 2011). The cap carbonate at the
base of the Taishir Formation has been correlated globally with
Sturtian cap carbonates using C and Sr isotope chemostratigraphy
(Macdonald et al. 2009), which has been dated at 662 6 4 Ma in
northwestern Canada (Rooney et al. 2014) and 663 6 4 Ma in South
China (Zhou et al. 2004). The Khongoryn diamictite at the top of the
Taishir Formation contains intricately striated clasts (pictured in
online field photo repository of Macdonald et al. 2011) and has been
correlated with Marinoan-aged glacial deposits (Macdonald et al. 2009;
Shields-Zhou et al. 2012; Johnston et al. 2013), which have been dated
globally at ca. 636 Ma (Calver et al. 2013), thus constraining the age of
the fossil material to between ca. 662 and 635 Ma. We here follow Bold
et al. (2013) and use the Mongolian spelling for the recently formalized
stratigraphy.
The Taishir Formation consists of , 350–550 m of dark-gray
carbonate grainstone and wackestone facies deposited on a carbonate
ramp (Macdonald et al. 2009; Bold et al. 2013). The succession consists of
large-scale shallowing-upward sequences, which contain smaller-order
parasequences (Bold et al. 2013). Complete 1–5-meter-scale peritidal
parasequences begin with transgressive lag deposits of packstone or
wackestone, succeeded upward by thin-bedded micrite, ribbon-bedded
calcisiltite, and massive to cross-bedded grainstone, and are capped with
exposure surfaces. All MOWS were discovered in wackestone facies of the
transgressive lag deposits at the base of parasequences at three
stratigraphic horizons in samples collected from outcrop at the
Khongoryn section, (F704 at N 46u41.979, E 96u14.929), and two sections
near Taishir (F864 at N 46u40.169, E 96u34.039 and F865 at N 46u39.759 E
96u34.339; Fig. 1). Carbon isotope data and putative ciliate fossils were
previously reported from these sections by Bosak et al. (2011b), and are
replotted in Figure 1B.
MATERIALS AND METHODS
Carbonate hand samples from sections F704, F864, and F865 were
washed with deionized water and dissolved in 10%–20% acetic acid or
10% hydrochloric acid for 24–48 hours to clean the surface. The samples
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were then washed with nanopure water and broken into approximately
0.5-cm-diameter pieces and dissolved in 10% HCl. Residues were rinsed
with nanopure water and examined with light microscopy, scanning
electron microscopy (SEM), and Raman spectroscopy. Raman spectra of
select macerated material were collected nondestructively at room
temperature with a WITec confocal Raman microscope and WITec
Control software at the Center for Nanoscale Systems (CNS) at Harvard
University. Points of interest were identified by a transmitted light
microscope connected to the spectrometer. Point targets were excited
using a 532-nm-wavelength laser of 50mW output power. Raman spectra
were obtained in the interval of 0–2,500 cm–1 and analyzed with WITec
Project software.
Some pieces of macerated material were air dried and embedded in
Epon epoxy for 24 hours, then cut into 1 mm slices with a glass knife and
examined by transmitted light microscopy. These samples were uncoated
and coverslips were not placed on slides, thus immersion oil used during
the process of imaging was in direct contact with the sample. Other pieces
of macerated material were cut with a small metal knife under a low-
magnification microscope to better reveal internal structures and textures.
For SEM analyses, macerated samples were air dried and coated with
either Au or Pt/Pd and examined with an FEI scanning electron
microscope with attached energy-dispersive X-ray spectroscopy analyzer.
Thin sections of carbonate hand samples (30 mm thick) were examined
with a Zeiss transmitting light microscope equipped with a digital camera.
All described specimens are curated at the Williams College Geosciences
collections.
MORPHOLOGY AND COMPOSITION OF FOSSIL MATERIAL
Macerated Material
MOWS material is readily seen in residues of macerated carbonate host
rock (Fig. 2). Fossil pieces are horizontally flattened (applanate), 0.9 to
5.4 mm in maximum length, with surface areas ranging from 0.2 mm2 to
16.0 mm2, and thicknesses ranging from 50.8 to 342.0 mm (Fig. 3A,
Table 1). Original margins cannot be distinguished from those that may
have been formed as the material was broken during transport and
deposition or during maceration. Material is flexible when wet, while air-
dried pieces are more brittle and break under applied pressure. In water,
the color of the MOWS material varies from dark brown to amber, and
dries to a pale gray color.
All fossil material in macerates exhibits warty protuberances, ridges, and
polygonal structures on one surface, which the further text will refer to as
the warty surface, or W surface (Figs. 2A–B, 4A). In contrast, the opposite
surface is generally featureless and smooth, and we will refer to it as the
smooth or S surface (Fig. 4B). Protuberances on W surfaces are conical-to-
subround structures that make a positive topographic expression (Fig. 5A–
C, E, I). These warty structures have circular basal cross-sections, 61–
250 mm in diameter (Table 1), and rise 166–232 mm from the surface of the
sheet (Table 1). Protuberances have darkened circular central areas 17–
80 mm in diameter (Table 1, Fig. 3B) that lack surface polygons and are
depressed , 1 mm from the perimeter of the wart top (Fig. 5I). Polygonal
structures on the steep sides abruptly and cleanly transition into the
depressed, smoother top surface (Fig. 5I). Cutting four protuberances
through the middle revealed the interior structure of protuberances. All of
the cut protuberances exhibit ovoid internal cavities , 50 mm in diameter
directly beneath the smooth, circular, depressed central areas of the wart
tops (Figs. 5H, 6). In the embedded and sectioned samples, internal cavities
show distinct cellular structures (Fig. 6). These samples also show that
some wart tops are characterized by a central aperture, whereas darkened
organic matter covers others (Fig. 6). In one sample, an approximately 10-
mm-tall organic-walled ring rises from the W surface of the fossil material;
the ring has the same approximate diameter as the base of the warty
structures, suggesting that it may be the remnant of a detached or degraded
warty protuberance (Fig. 5J).
All specimens display ridges of organic material that run across the W
surface, skirt warty structures, and never contain warty structures on
their surfaces (Figs. 2, 4A, 5A–B, D). The , 10-mm-wide ridges rise 30–
70 mm from the surface of the plate and occasionally intersect or split to
form flaplike structures. Most features on W surfaces in macerates exhibit
small, irregular polygonal structures defined by walls composed of
organic material (Fig. 5F). Polygons range in width and length from 7–
25 mm and are present on all areas of W surfaces except for the tops of the
warty protuberances. Polygonal patterns are also visible on some areas of
macerated material cut with a metal knife and within some areas of
embedded and sectioned material (Fig. 6A–B).
FIG. 1.—A) Map showing location of fossiliferous sections F864, F865, and
T704; black circle in inset map of Mongolia shows approximate location shown in
geological map. B) Stratigraphic sections of fossiliferous localities, adapted from
Bosak et al. (2011b). Each column is a composite of multiple measured sections
noted at top; Taishir (left column) refers to sections F864 and F865 noted in A,
Khongoryn (right column) refers to section F704 noted in A.
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In contrast to the W surfaces, which abound with warty structures,
ridges, and polygonal textures, S surfaces are smooth and generally
featureless (Fig. 4B). Small perforations often occur in S surfaces, but
these do not correspond to wartlike protuberances, ridges, or flaps on the
S surface (e.g., Fig. 4A–B).
Material in Thin Section
In thin section, MOWS appear as dark, organic-rich sheets, scattered
or imbricated within a matrix of microsparitic to sparitic calcite (Fig. 7).
Pieces occur at various low angles with respect to bedding, indicating that
the sheets were cohesive enough to behave as clasts as they experienced
transport before burial. Fragments measured in thin section range from
0.24 to 4.32 mm in length (Table 1, Fig. 3A) and 60 to 700 mm in
thickness (Table 1). Thus, the length of fragments in thin section is similar
to that of fragments measured from macerate (Fig. 3A).
The wartlike structures that are present in macerated material can also
be recognized in thin section, though their detailed structure is harder to
discern (Fig. 7B, C). Where wartlike structures are well preserved in thin
section, their interiors are filled with clear calcite crystals, suggesting an
originally empty space that was infilled during early diagenesis (Fig. 7C).
W or S surfaces are not easily distinguishable in thin section material, but
surfaces that show possible warty structures in thin section do not appear
to exhibit consistent orientation with respect to bedding, consistent with
the transport and redeposition of sheetlike structures.
Composition and Taphonomy
Taishir Formation MOWS consist primarily of carbonaceous material,
as determined by Raman spectroscopy and energy-dispersive X-ray
(EDS) spectroscopy of macerated material (Fig. 8). Some of the
polygonal W surfaces also contain silica (Fig. 8B), but Si is absent from
all analyzed depressed apices of warty structures (Fig. 8B) and freshly cut
interiors. Therefore, Si on the surfaces of specimens can be attributed to
diagenetic silicification and not to the original presence of silica minerals
in MOWS.
As organic sheets of uncertain composition, MOWS would be subject
to taphonomic forces during burial and lithification. The ridges on the W
surfaces and the polygons on the W surfaces and the interiors of the
MOWS material may be interpreted either as original organic features or
as diagenetic ones. In particular, the small polygons (Fig. 5) may be casts
of calcium carbonate crystals that precipitated during extensive decay and
compaction of organic matter and were dissolved by maceration (e.g.,
Défarge et al. 1994; Kaźmierczak et al. 1996; Tribovillard et al. 2000).
Even though the small polygons themselves may be diagenetic, their
spatial distribution within specimens is consistent with an initially
variable composition of a robust organic structure. This variability
would lead to diagenetic alteration only in certain areas, producing
FIG. 2.—Light photomicrographs of macerated material. A) Detail of specimen
F864-20-A, showing warty structures with darker central areas and ridges; scale
bar is 1 mm. B) Specimen F864-20-B showing warty structures with darker central
areas and ridges; scale bar is 1 mm.
FIG. 3.—Measurements of macerated and thin section material. A) Histogram of length of fossil material in thin section (N 5 60) and macerate (N 5 26). B)
Histogram of the diameter of the depressed wart tops from macerated material (N 5 41).
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polygons only on W surfaces and in some internal spaces and preserving
the denser and smoother organic material on S surfaces and the tops of
warty protuberances. The fact that the ridges always skirt warty
structures, appear uncompacted, and have the same consistency and
texture as the rest of the W surfaces indicates that these structures are
likely primary, and not compressed or folded material.
Studies of Proterozoic microfossils frequently discuss the precipitation
of framboidal pyrite in biofilms as a diagenetic mechanism (e.g., Knoll et
al. 1981; Vidal and Nystuen 1990), that might result in the formation of
organic-walled polygons. Pyrite framboids commonly precipitate within
microbial biofilms as , 10 mm spheroids composed of submicron-sized
pyrite grains (e.g., Maclean et al. 2008), but pyrite and sulfur were
undetected in the MOWS material in residue and thin section, other
fossils from the same samples (Bosak et al. 2011b), bulk residues, and thin
sections. Although the absence of sulfur and pyrite from all fossiliferous
samples in the Taishir Formation does not rule out the former presence of
pyrite, it is unclear why the complete oxidation and removal of pyrite
would allow the often remarkable preservation of organic features
associated with the MOWS (e.g., Fig. 6). Therefore, the precipitation of
pyrite and its subsequent oxidation and complete removal are not likely
causes of the organic-walled polygonal structures in MOWS.
BIOLOGICAL ORIGIN AND AFFINITY WITH MODERN GROUPS
The organic composition, the textural differences between W and S
surfaces, and the presence of warty protuberances and ridges only on W
surfaces indicate that the MOWS are fossils of originally thin, sheetlike cellular
aggregates with morphologically and compositionally distinct areas. While it
is notoriously challenging to assign definitive taxonomic affinities to enigmatic
fossil material from the Proterozoic (e.g., Maloof et al. 2010; Brain et al. 2012),
and it is possible that MOWS represent an extinct and/or unknown clade of
organisms, MOWS preserve sufficient morphological features to enable a
discussion of taxonomic affinity and comparisons with various modern clades
that form sheetlike structures with warty protuberances.
Similarities and Differences Between MOWS and Modern
Microbial Biofilms
Comparisons with Features Found in Bacterial Biofilms.—The unique
morphology of warts on the surface of the MOWS material is the key
feature which guides the search for modern analogues of MOWS. The
presence of cellular material inside the warts, as well as their darkened,
concave tops negate any interpretation of these structures as gas bubbles
produced by microbial mats (e.g., Bosak et al. 2009, 2010). In addition,
MOWS consist of discrete structures that are not internally laminated, a
characteristic typical of disrupted or eroded microbial mats (Riding 2000).
However, biofilms made by modern heterotrophic bacteria that form
developmentally regulated aggregates with surface protuberances on
underlying, sheetlike biofilms do share some morphological features with
MOWS. For example, Myxobacteria, Bacillus sp. and Actinomyces can
produce sheetlike aggregates with reproductive structures that are
attached to elongated stalks called fruiting bodies (McNeil and Skerman
1972; Grilione and Pangborn 1975; Iizuka et al. 1998; Webb et al. 2003).
The fruiting bodies disperse spores and can have stages that resemble the
conical form of the MOWS warts (e.g., Grilione and Pangborn 1975).
Despite superficial similarities, the fruiting bodies grow into structures with
a narrow stalk topped by a bulbous protuberance that is unlike any
structures seen on the surface of MOWS (McNeil and Skerman 1972;
Grilione and Pangborn 1975; Webb et al. 2003). All fruiting bodies also
form through the production of proteinaceous and polysaccharide matrices
that create protuberances with different textures than the surrounding
TABLE 1.—Measurements of MOWS material in thin section and macerates.
Thin section Macerate
Max Min Mean Standard deviation N Max Min Mean Standard deviation N
Wart height 232 mm 166 mm 196 mm 31.9 8
Wart base diameter 250 mm 61 mm 119 mm 14.2 42
Inner depression diameter 80 mm 17 mm 46.4 mm 41.8 41
Fossil longest dimension 4.32 mm 0.24 mm 1.2 mm 0.84 60 5.4 mm 0.9 mm 2.8 mm 1.4 13
Fossil thickness 700 mm 60 mm 185 mm 116 60 342 mm 50.8 mm 158 mm 81.2 14
Fossil area 16.0 mm2 0.2 mm2 3.6 mm2 4.1 13
FIG. 4.—Scanning electron microscope images of MOWS material and
schematic drawing showing W and S surfaces. A) MOWS specimen F864-30-A
showing ridges and warts on W surface; scale bar is 1 mm. B) S surface of specimen
F864-30-A showing a smooth surface punctuated by perforations; scale bar is
1 mm. C) Schematic drawing showing definition of W and S surfaces of MOWS.
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sheetlike substrate. This is in contrast to the fossil material, which contains
polygonal textures on the sides of protuberances, in the flat-lying areas of
the fossil sheets, and on ridges, suggesting similar original compositions of
these areas. Bacterial fruiting bodies and aerial structures also lack cavities.
In addition, the notable lack of reports of bacterial fruiting bodies in
natural marine environments calls into question bacterial fruiting bodies as
sources of the abundant fossil material in Taishir carbonates.
Comparisons with Aggregates of Heterotrophic Microeukaryotes.—A
number of modern microscopic eukaryotes, including those from the
Amoebozoa, Alveolata, Excavata, Stramenopiles, and Opisthokonta, form
multicellular aggregates with surface protuberances that bear some
morphological similarity to the MOWS fossils. These multicellular social
aggregates are commonly known as slime molds (Brown et al. 2012) and
can occur as sheets with fruiting bodies that rise up from the surface on a
stalk (Worley et al. 1979; Deasey 1982; Brown et al. 2012). The reported
morphologies of eukaryotic fruiting bodies are morphologically similar to
those of bacterial fruiting bodies and distinct from the MOWS warts: the
stalks made by modern microeukaryotes are narrowest at the top where
they connect with the fruiting body (sporocarp); the fruiting body is itself is
FIG. 5.—Scanning electron microscope images of MOWS material. A) MOWS specimen F864-20-A showing typical morphology of W surface with warts and ridges;
scale bar is 1 mm. B) Detail of F864-20-A showing ridges and warts; scale bar is 150 mm. C) Detail of F864-20-A showing a wart with leathery convex apex; scale bar is
100 mm. D) MOWS specimen F864-30-B, showing ridges and small warts; scale bar is 800 mm. E) MOWS specimen F704-128-A showing warts and ridges; scale bar is
200 mm. F) Detail of polygonal structures on W surface; scale bar is 20 mm. G) MOWS specimen F864-30-C that was cut with a blade to reveal the internal structure of a
wart; white box indicates cut wart seen in view H; scale bar is 500 mm. H) Close-up of ovular cavity seen in view G; arrow points to cellular structures within the cavity;
scale bar is 30 mm. I) Wart from specimen F864-30-C showing a depressed top and the abrupt transition from polygonal texture to smooth texture of the wart top; scale
bar is 30 mm. J) Circular structure on the W surface of specimen F864-30-D that is consistent with a damaged or detached warty structure; scale bar is 100 mm.
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wider than the stalk and often round or bulbous (Worley et al. 1979;
Deasey 1982; Brown et al. 2012), creating protuberances with an irregular
profile. When fruiting bodies contain cavities, they lack depressed tops
(Worley et al. 1979) and the entire fruiting body has a different texture than
the horizontal surfaces. As in the case of bacterial groups that form fruiting
bodies, eukaryotic slime molds are mainly terrestrial organisms and thus
are not expected to be preserved in a marine setting (Margulis 1990).
Similar arguments apply to groups of marine fungi that form sheetlike
structures with fruiting bodies: these organisms degrade organic
substrates such as wood or macroalgae and form fruiting bodies that
are morphologically distinct from the MOWS (Rohrmann and Molitoris
1986; Shearer et al. 2006). Notably, some groups of terrestrial ascomycete
fungi form crustose morphologies with raised fruiting bodies called
perithecium that bear rough morphological resemblance to the MOWS,
but again, these structures differ morphologically and structurally from
the MOWS, do not have depressed tops, and are not reported in marine
environments (Jens 2012).
Similarities with Modern and Fossil Algal Groups
In the absence of adequate modern bacterial and microeukaryotic
analogues, better examples of macroscopic, sheetlike forms with distinct
wartlike protuberances on a single surface can be found within modern
algal groups. Specifically, groups within the Rhodophyta (the red algae),
share many characters with MOWS, including aspects of ultrastructure,
external morphology, and the morphology and size of wartlike features.
Three main algal groups contain macroscopic taxa—the Rhodophyta,
the Phaeophyceae (brown algae), and the Chlorophyta, which contain
most marine green algae (Graham and Wilcox 2000). The Phaeophyceae
is a poor potential match because the fossil record and molecular clock
analyses place their origins solidly within the Mesozoic (Silberfeld et al.
2010). Even if one allows for error in molecular clock estimates, it is
highly unlikely that these errors would allow for Cryogenian brown algae
(i.e., a .400-million-year discrepancy).
Multicellular green algae likely existed during the Cryogenian
(Butterfield et al. 1994), and some clades do exhibit organic unminer-
alized blade-shaped or sheetlike morphologies (e.g., Ulva). A survey of
major Chlorophyta groups from the literature revealed no documented
green algae that contain the distinct morphologies, such as warty
protuberances on a single surface, that would link them to the MOWS,
thus we consider a Chlorophyte affinity unlikely. However, MOWS
exhibit a number of morphological similarities with various members of
the multicellular marine Rhodophyta, and both fossil and molecular
clock data indicate that the Rhodophyte clade had evolved by the
Cryogenian (Butterfield 2000; Parfrey et al. 2011). Here, we will consider
similarities to two major groups, the Order Gigartinales and the Order
Corallinales. We offer these comparisons as a guide, but not as a
comprehensive list of all possible affinities within the Rhodophyta.
Similarities to the Rhodophyta Order Gigartinales.—Within the
Gigartinales, the Family Gigartinaceae bears the most commonalities
with the Taishir material (Fig. 9D–F). These algae have broad, thin,
unmineralized thalli, and in many taxa, such as the genera Chondra-
canthus and Mastocarpus, one surface is covered in bumpy outgrowths
(papillae), which contain the reproductive structures (Avila et al. 1999;
Hughey and Hommersand 2008; Orostica et al. 2012), while the other
surface is smooth and generally featureless (Fig. 9D). The size
distribution of papillae also encompasses the range of sizes seen in the
MOWS warts (e.g., Hughey and Hommersand 2008).
The papillae themselves share morphological and ultrastructural
features with the warty structures on the MOWS. Papillae rise from
the surface of the algal sheet and in many stages of development, the
base is typically wider than the tip, as in the MOWS warts (Avila et al.
1999; Orostica et al. 2012). Reproductive papillae also contain internal
cavities similar to those seen in MOWS. For example, cystocarpic
papillae of the Gigartinaceae (female reproductive structures that
contain fertilized cells) bear strong resemblance to the MOWS warts:
both contain roughly circular internal cavities; a similarity that is
enhanced by the presence of celllike structures in the internal cavities of
some MOWS warts (Hommersand et al. 1992; Fig. 6C). In addition, the
circular ring seen in Figure 5J is analogous to papillae scars in modern
groups, i.e., the remains of nonactive reproductive structures (Orostica
et al. 2012).
None of the known members of the modern group display the distinct
ridges seen in the MOWS fossils, but if the polygonal texture seen on the
surface and interior of the MOWS specimens is primary, it is similar to
ultrastructural features of the Gigartinaceae such as Chondracanthus,
which have pseudoparenchymatous polygonal cell walls (Schmidt et al.
2011). Other red algal groups similarly show polygonal cell wall structures
(León-Cisneros et al. 2000). Most groups within the Gigartinaceae are
frondose and some taxa within the Gigartinaceae, including Mastocarpus
papillatus, have a crustose life stage (Fig. 9F); the thin, sheetlike
morphology of the MOWS fossils could represent either life habit.
FIG. 6.—Images of embedded and sectioned macerated MOWS warty structures from F864-30; rough texture is an artifact of cutting. A) Section through MOWS
material showing a warty structure with an ovular cavity and darkened top. Note irregular edges, which are cross sections through polygonal surface structures; scale bar
is 65 mm. B) Close-up of an ovular cavity showing that it is open to the outside, and is lined with darkened organic material; scale bar is 35 mm. C) Same sample as in B,
with immersion oil in direct contact with the sample. White arrow points to clear outlines of cellular structures; scale bar is 20 mm.
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Similarities to the Rhodophyte Order Corallinales.—Another Rhodo-
phyta group containing potential modern analogues to the MOWS are
the Order Corallinales, or coralline red algae, a diverse biomineralizing
group composed of pseudoparenchymatous cells containing CaCO3
(Graham and Wilcox 2000). During the life cycle of many coralline red
algae, raised warty reproductive structures called conceptacles emerge on
one surface of the algal thallus (Johansen 1981; Fig. 9A–C). In many
taxa, conceptacles are of a similar size and shape to the warty
protuberances seen in MOWS, though MOWS warts are generally
smaller than coralline conceptacles (Adey et al. 1982; Chamberlain 1992).
Coralline conceptacles have open tops; the warty structures of the MOWS
also display open tops (Figs. 7, 9C), and the tops of modern conceptacles
are compositionally and texturally distinct from the rest of the structure,
as in the MOWS (Johansen 1981; Adey et al. 1982; Chamberlain 1992). In
addition, the appearance of and the possible remnants of cellular material
in the internal wart cavities MOWS are similar, though not identical, to
those seen in cross-sectional images of conceptacles (Ringeltaube and
Harvey 2000; Fig. 9C).
The average cell size in corallines ranges from 10–40 mm, consistent
with the range of sizes of polygonal cells seen in MOWS (Braga and
Aguirre 1995), although a diagenetic origin of the MOWS polygonal
structures cannot be rejected. The morphology of corallines is inherently
plastic, and modern forms display a high level of ecophenotypy, often
changing shape and structure according to substrate differences (Braga
and Aguirre 1995). However, thin crustose or foliose morphologies with
one warty or bumpy surface and one smoother surface are common and
abundant in modern groups, though just as with the Gigartinales, none
display the distinct ridges seen in MOWS (Johansen 1981; Steneck 1986).
Importantly, unlike the modern corallines, MOWS lack evidence of
biomineralization.
Comparison to Previously Described Fossil Rhodophyta.—The fossil
record of red algae goes back to at least 1000 Ma, with the identification
of Bangiomorpha as a member of the Rhodophyte group Bangiales
(Butterfield 2000). The next identifiable red algal fossils are ca. 600 Ma
and tentatively assigned to the other main group of Rhodophytes, the
Florideophyceae (Zhang et al. 1998; Xiao et al. 2004). Both the
macroscopic size and the sheetlike form with distinct surfaces found in
the MOWS are fundamentally different than the morphologies of both
bracketing fossil groups of red algae.
Modern coralline algae are heavily calcified, but there is no evidence
for calcification in MOWS specimens. However, a recent reinterpreta-
tion of the Silurian fossil Nematothallopsis gotlandii (Smith and
Butterfield 2013) as an unmineralized stem group coralline alga suggests
that early members of total group corallines were not necessarily
biomineralized and that Rhodophyta with polygonal pseudoparenchy-
matous surface patterns and conceptacle-like structures were present in
the Paleozoic.
Reports of organic preservation of red algae beyond Nematothallopsis
are rare, so comparisons between MOWS and the nonmineralized
members of the Rhodophyta are challenging. Within the fossil record
of mineralized coralline algae, comparisons can be made to taxa such as
Lithophyllum incrustans (Woelkerling 1983; Kundal 2011) which contain
calcite-filled conceptacles in petrographic thin section, similar to
structures seen in MOWS (Fig. 7B, C). Other mineralized coralline
material such as Neogoniolithon shows similar overall morphological and
preservational patterns to the MOWS material in petrographic thin
section (Bassi and Nebelsick 2000), although fossils with high similarity to
the MOWS have not been reported.
The Taishir MOWS fossils preserve multiple morphological characters
that are distinct from structures made by modern bacteria and
microeukaryotes, but are similar to the features present in some modern
and fossil red algae. Most notable are the wartlike protuberances, which
bear similarity to reproductive structures found in a number of red algal
groups, but are distinct from protuberances found in bacterial and
microeukaryotic clades. Whereas no perfect analogue exists in either the
modern or the fossil record, our analysis of the currently available fossil
FIG. 7.—A) Photograph of thin section from sample F704-128 taken with
incident light and oriented perpendicular to bedding; scale bar is 4 mm. B) Light
photomicrograph detail of fossil material from F704-128, arrow pointing to warty
protuberance; scale bar is 100 mm. C) Light photomicrograph detail of fossil
material from F704-128 showing calcite-filled wart; scale bar is 40 mm.
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material suggests to us that MOWS are multicellular marine algae, most
likely aligned with the Rhodophyta.
IMPLICATIONS FOR MOWS IN INTERGLACIAL SEDIMENTS
If MOWS represent early Rhodophytes, their discovery in sedimentary
rocks from the Cryogenian nonglacial interlude is consistent with the
evolutionary trajectory of the Rhodophyta, the oldest identifiable crown
group eukaryotes in the rock record, with a fossil record reaching back
into the earliest Neoproterozoic (Butterfield 2000). This finding is
supported by recent molecular clock analyses, which place the roots of
red algal clade deep in the Neoproterozoic or even Mesoproterozoic
(Parfrey et al. 2011) and indicate a subsequent diversification of red algae
into at least two major clades: Bangiales and Florideophyceae. Our
tentative assignment of the MOWS fossils to the Rhodophyta would
bridge a gap in the fossil record of the red algae, between the ca. 1000 Ma
Bangiomorpha (Butterfield 2000), and ca. 600 Ma fossils tentatively
assigned to the Florideophycea (Zhang et al. 1998; Xiao et al. 2004).
FIG. 8.—Chemical composition of MOWS material. A) Raman spectrum of sample from F864-30; D and G bands of organic carbon labeled. B) Electron-dispersive
X-ray spectroscopic point map of a wart with a central depressed area from sample F864-20; yellow 5 carbon, blue-green 5 silica. C) EDS spectrum showing carbon- and
oxygen-dominated signal from smooth S surface of sample from F864-20.
FIG. 9.—Examples of modern red algal groups. A) Modern crustose coralline alga showing warty structures; scale bar is 1 cm. Used with permission from Smithsonian
Institution, National Museum of Natural History, Department of Botany. B) Modern crustose coralline alga Lithophyllum incrustans, arrows showing conceptacles with
darker open pores; scale bar is 5 mm. Copyright Malcolm Storey (creative commons license). C) Cross-section through a uniporate conceptacle from the modern coralline
algae Neogoniolithon brassica-florida; scale bar is 100 mm. Modified from Ringeltaube and Harvey (2000). D) Mazzaella flaccida, a modern frondose member of the
Gigartinaceae. Note that one surface is smooth while the other is bumpy; scale bar is 3 cm. White box in main image shown in detail in upper left showing papillae on the
bumpy surface. Copyright Scott Loarie (creative commons license). E) Mastocarpus papillatus, a modern member of the Gigartinaceae; bumps on surface are reproductive
papillae; scale bar is 2 cm. Copyright kqedquest (creative commons license). F) A modern encrusting form of Mastocarpus papillatus; scale bar is 4 cm. Copyright
kqedquest (creative commons license).
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MOWS, as remnants of multicellular and macroscopic organisms, also
paint an unexpected ecological picture of Cryogenian carbonate-
depositing environments. Broadly, the Neoproterozoic fossil record tells
a story of ecological evolution from a biosphere dominated by microbial
communities (Bosak et al. 2013) to a world of larger organisms and
increasingly complex ecosystems, but it has been unclear whether the
Cryogenian record is one of transition or stasis (e.g., Knoll et al. 2006).
Biotic transitions during this time may be related to a putative rise in
atmospheric oxygen concentrations that would have had consequences
for other biogeochemical cycles. For example, a rise of oxygen may have
reduced persistent nitrogen limitation for eukaryotic groups, including
algae (Knoll et al. 2006; Glass et al. 2009). Studies of modern marine
environments have shown that, given abundant access to nitrate, algae
will outcompete cyanobacterial mats (Fong and Zedler 1993). Thus,
higher bioavailable nitrogen levels in Cryogenian coastal seawater may
have enabled the local and episodic proliferation of algae in shallow-
water environments. However, it is important to note that multicellular
algae do not become common in marine environments until at least the
Ediacaran (Knoll et al. 2006; Xiao and Dong 2006). Therefore, if the
MOWS represent marine macroalgae, their sporadic occurrence in
Cryogenian carbonates suggests that the radiation of various algal
groups may have been kept in check until the late Ediacaran.
CONCLUSIONS
MOWS are the remains of multicellular, developmentally complex
organisms that coexisted with the planktonic eukaryotes (Bosak et al.
2011b). Older multicellular eukaryotic fossils exist (Butterfield 2000,
2004, 2009), but fossils that resemble MOWS in scale and/or morphology
have not been reported in older or coeval strata. The discovery of MOWS
in the Taishir Formation adds a new element to a growing record of
eukaryotic fossil diversity and multicellularity between the Sturtian and
Marinoan glaciations, and distinguishes the Taishir assemblages from
pre-Sturtian Neoproterozoic fossil biota, which are dominated by
microscopic eukaryotes (e.g., Vidal and Ford 1985; Knoll et al. 2006).
MOWS fossils share numerous characters with various groups of red
algae, and the same characters are absent from other modern
multicellular structures formed by either heterotrophic eukaryotes or
bacteria. The tentative assignment of MOWS to the red algae may
indicate that the Rhodophyta clade continued to diversify and explore
new niches during the Cryogenian nonglacial interlude, perhaps as a
result of permissive environmental conditions. Regardless of the specific
taxonomic assignment of MOWS, the uniqueness of these fossils indicates
that continued sampling and analyses of Cryogenian strata, including
carbonate lithologies, will lead to an increase in the known diversity of
Neoproterozoic fossils and expand our understanding of when and how
early representatives of modern eukaryotes evolved in marine ecosystems.
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